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ABSTRACT 
The groundwater in shallow loess aquifers in high mountain-hills in the western 
Loess Plateau in China is almost the sole water resource for local residents. However, 
the question about how the loess groundwater naturally circulates in these high 
mountain-hills, characterized by low precipitation and high potential evaporation, 
remains unclear. The objectives of this study are to evaluate the application of 
hydrogen and oxygen isotopes to (1) examine seasonal variations of the isotopic 
composition of precipitation and shallow groundwater, and (2) uncover the 
mechanism of groundwater recharge in high mountain-hills. Results from two-years 
of monitoring data show a difference in the stable isotopes for groundwater and local 
precipitation between the winter and summer periods. Similar to precipitation, stable 
isotopes in groundwater are observed to be depleted in winter and enriched in summer, 
particularly in oxygen isotope. A prominent characteristic is that H and O isotopes of 
groundwater show a very clear response to strong precipitation in the rainy season in 
2013. The results highlight that local precipitation is the only possible recharge source 
for groundwater in shallow loess aquifers. Seasonal or annual recharge from local 
precipitation maintains the groundwater resource in the shallower loess aquifer. The 
mechanisms governing shallow loess groundwater recharge in high mountain-hills 
were evaluated. In addition to possible vertical slow percolation of soil water through 
the unsaturated zone, rapid groundwater recharge mechanisms have been identified as 
seasonal preferential infiltration through sinkholes, slip surface or landslide surface，
and through the interface of loess layer and palaeo-soils. Most groundwater can be 
recharged after a heavy rainy season. 
Key words: Groundwater recharge; Hydrogen and oxygen isotopes; Seasonal 
recharge; High mountain-hills; Loess Plateau 
1. INTRODUCTION 
High mountain-hills in the Loess Plateau are part of the Liupanshan Mountains and 
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its western area with an average altitude over 1500 m a.b.s. (Fig. 1). The region is in 
what is typically a warm-temperate arid climatic zone with generally less than 500 
mm in annual average precipitation but over 1000 mm in potential evaporation. There 
are several rivers flowing at the base of hills and occasionally small springs seep from 
valleys. It is, however, impractical to pipe and pump these surface water resources to 
hills due to high costs and the quantity is limited. This means that precipitation and 
soil water are essential for maintaining agriculture and forestry development. Local 
residents are completely dependent on weather conditions, having their annual basic 
living water demands met by wells and springs. To date, groundwater flow paths and 
circulation is unknown in these high mountain-hills. The relatively impermeable 
nature of the fine texture characterizing the thick loess on these high mountains makes 
it difficult for local precipitation to percolate through the thick loess to recharge 
deeper groundwater in conditions of low precipitation and high potential evaporation. 
However, except for local precipitation, there seems to be no other recharge source 
for this groundwater system. With challenges of climate and land-use changes in the 
future, it is therefore essential to determine the recharge source, movement and 
residence of groundwater, and understand the mechanism of groundwater recharge in 
the loess aquifer. This would provide the basic information for assisting local 
residents to manage their water resources in a sustainable way for the future. It would 
also assist local government to establish mountain immigration policy and optimize 
land-use change options. 
Fig .1 
Some environmental isotopes of hydrogen and oxygen have been widely used in 
hydrologic studies due to their conservative characteristic of moving with the H2O 
molecule (Kendall and McDonnell, 1998; Willem, 2006). As such, by measuring the 
stable isotopic ratios of δ2H and δ18O in precipitation, soil water and groundwater, it is 
possible to trace the regional water circulation and mixing between end member 
components to uncover information about a number of hydrological processes, 
including the proportion of precipitation, infiltration, evaporation, and transpiration 
(Allison, 1988; Turner et al., 1991; Bradd, 1993, 2004; Kendall and McDonnell, 1998; 
Gat, 2010).  
Limited isotopic studies have been performed in the Loess Plateau, focusing mainly 
on the large loess tablelands and platforms in Shanxi and eastern Liupanshan 
Mountains. Until now, how surface water infiltrate through unsaturated soil zone to 
recharge groundwater has been under dispute for a number of decades. A number of 
studies documenting tracer movement in the soil column have pointed to the existence 
of preferential fluid flow through vertical fissures, macropores, cracks, decayed plant 
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roots, and earthworm burrows to rapidly recharge groundwater (Roy and David, 1969; 
Yan and Wang, 1983;Van Ommen et al., 1989; Komor and Emerson, 1994; Ritsema 
et al., 1997; Gehrels et al., 1998; Ritsema and Dekker, 1998; Vincent et al., 2001; 
Gates et al., 2011; Yasuda et al., 2013). Rainfall infiltration has also been assumed to 
be more like a piston infiltration mode to slowly percolate downward and recharge 
groundwater (Qu, 1991；Yan, 1986; Zhang et al., 1990; Lin and Wei, 2006; Huang et 
al., 2013) or piston flow and preferential flow to recharge groundwater may be 
simultaneously present in the loess aquifer (Gazis and Feng, 2004; Liu et al., 2010, 
2011; Xu et al., 2010). Some studies conclude that the depleted isotopic signature of 
loess groundwater may be also consistent with isotopic compositions of palaeo-waters 
in northern China, where the groundwater may have been recharged during 
glacial-interglacial transitional periods (Currell et al., 2010; Gates et al., 2008; Chen 
et al., 2003; Liu et al., 2010). In contrast, considering there is limited precipitation but 
very high potential evaporation and significantly more enriched average isotopic 
composition of local precipitation than those of groundwaters in the Loess Plateau, 
Chen et al. (2004 and 2012) commented that the main recharge source is not the local 
precipitation but from deep regional confined groundwater systems discharging 
upward from far mountainous sources. This situation may be possibly occurred in 
large loess tablelands and platforms or some artesian basins.  
From these contrasting models above presented in recent decades, it can be seen 
that the mechanism of groundwater recharge in loess remains unclear. In particular, 
previous studies mainly focus on the wide tableland or platform at the lower altitude 
with higher annual precipitation in the Loess Plateau. However, few studies in the 
high mountain-hills of the Loess Plateau, and in particular very few studies in the 
more arid area of western Liupanshan Mountains have been performed, where the 
mechanism of loess groundwater recharge seems to remain unsolved. 
Thus, this paper aims to improve our understanding of the groundwater recharge in 
high mountain-hills of the Loess Plateau. The objectives of this study are to (1) 
examine seasonal variations of the isotopic composition of precipitation and shallow 
groundwater, and (2) uncover the mechanism of groundwater recharge in high 
mountain-hills. 
2. STUDY SITES AND METHODS 
The geomorphology of the study area of high loess mountain-hills distributed 
between the western Liupan Mountains and Eastern Huajia Mountains is 
characterized by thick loess deposits with steeply incised valleys and rolling hills (Fig. 
1). The deposits of hills are mainly covered by the Upper Pleistocene Malan Loess 
and Middle Pleistocene Lishi Loess (Fig. 2). The thickness of the loess strata is 
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generally over 30 meters with a range from 30 to 200 meters. There are several 
interlayers of palaeo-soils developed between the loess strata. Their thickness ranges 
from less than 1 meter to over 3 meters. Groundwater resides in both the crests and 
depressions of the hills. Generally, groundwater flows parallel with the direction of 
the valley and springs appear in the heads of valleys. The shallow groundwater 
primarily exists in porous sediments. Aquifers are comprised mainly of silty loess 
materials and always located above the interface of loess and palaeo-soils or red clay. 
The thick red clay strata (from 30 to 60 meters in thickness) that underlies the loess 
acts as an excellent aquiclude and the palaeo-soils inter-bedded the loess strata 
generally acts as an aquitard. The underlying bed rock is generally the sand rocks of 
the late Paleogene Period to Neogene Period. There is no evidence of deep confined 
groundwater under the loess strata discharging to the surface in the high maintain-hills. 
Surface overland runoff is only developed in some valleys with small amount of water 
from springs or intense storm events occurred in summer. Generally, precipitation is 
dominated by summer rainfall and snowfall seems to be not significant in the 
hydrologic budget. Even in the wet year of 2013, there was only one occurrence of 
snow in small quantity at Xiegou (6.5mm) and two times at Longchuan (5mm and 
6.5mm). With respect to 2013, it snowed harder in the early 2014 from January to 
March in Longchuan. However, the total amount of snow was only less than 60mm 
and accounted for less than 10 percent of annual total precipitation (585mm) in 2014.  
Fig. 2 
Six field sites located on the high hills of Loess Plateau were selected as long-term 
monitoring stations for this study, namely Xiegou (XG), Macha (MC), Longchuan 
(LC), Longshan (LS), Yangwan (YW), and Wangping (WP) as displayed in Figure 1. 
These sites were selected because they have a perennial shallow groundwater system 
as part of the loess aquifer. The basic characteristics of hydrology, geography and 
climate are summarized in Table 1. At these sites, groundwater levels range from 8 m 
to 30 m in depth below surface. Groundwater samples were mainly collected from 
wells (or bore holes) used by local residents. That is to say, the water in the wells is 
always fresh groundwater from the loess aquifers. Groundwater samples were 
collected on the early days of the month (before 5th). Due to the low permeability of 
the loess aquifer, before sampling every time, water was pumped to nearly dry and 
then a fresh sample was collected after 24 hours. As an arid area with high potential 
evaporation, low precipitation is unlikely to infiltrate to recharge the deeper 
groundwater. Hence, only the larger precipitation with runoff occurring observed on 
the ground (generally larger than 5mm) was sampled for two years (from November 
2012 to November 2014). Rainwater was collected with a large cup (1 litre) when 
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precipitation events would occur. 10 ml water samples were abstracted from the cup 
and transferred to a small plastic bottle as soon as possible when each precipitation 
event looks likely to stop. Snow samples were collected in plastic salvers and allowed 
to melt indoors under natural room temperature. During sampling, storage and 
transportation procedures, the primary task is to prevent the sample from evaporating. 
Hence, all water samples were tightly sealed in thick plastic bottles and preserved in a 
refrigerator or farmer’s cellars until analysed. Some precipitation events and monthly 
groundwater samples were not collected due to practical constraints, except for the 
Longchuan site, where almost all larger precipitation events and monthly groundwater 
samples were successfully obtained.  
Table 1 
 
Stable isotopic measurements were performed at the State Key Laboratory of 
Hydrology-Water Resources and Hydraulic Engineering, Hohai University. The water 
sample was directly injected into the Mat 253 mass spectrometry by a micro-pump 
and used a continuous flow method for determination of H and O isotopic 
compositions. This technique involves reduction of H2O by reaction with glassy 
carbon in a sample injection system at high temperatures. H2 and CO are produced by 
reaction with the carbon at 1450℃ in a helium carrier gas. Product gases are 
separated in a gas chromatograph and analyzed in a mass spectrometer configured to 
make oxygen and hydrogen isotope analyses in a continuous flow mode. The results 
are reported relative to SMOW with a standard deviation of ±1‰ and ± 0.20‰, 
respectively. All sampling sites and distributions are shown in Fig. 1, and the isotope 




3.1. STABLE ISOTOPIC COMPOSITION OF PRECIPITATION  
Spatial-temporal variations of the amount of precipitation in high mountain-hills of 
the Loess Plateau are large. However, the spatial variations during the heavy rainy 
season from May to September are relatively small. According to records from two 
weather stations, Pingliang in the east, and Jingning in the west Liupan Mountains, 
total precipitation from May to September 2013 is found to be 87.4 percent and 87.1 
percent of annual precipitation, respectively. Significantly, the precipitation during the 
rainy season in 2013 was the highest observed over the past several decades; the total 
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rainfall between May and September 2013 was approximately 40 percent higher than 
the average for the past 30 years. Records from weather stations show that the annual 
total precipitations are 760 mm in Pingliang and 670.4 mm in Jingning in 2013, which 
are higher 31.4 percent and 30.5 percent than that of the average total values (480 mm 
in Pingliang and 466.3 mm in Jingning) in past 30 years (Fig. 3). In addition, the 
heavier storm events occur simultaneously at the different monitoring sites within the 
research area. Conversely, in the arid winter season, which is from October to April in 
the following year, rain events are mainly sporadic in nature and characteristically 
small rain or occasionally snow events. Monthly precipitation and temperature 
fluctuate and trend together. The temperature is high from May to September and the 
highest in July. Correspondingly, precipitation is also high during this period where 
maximum occurs in July 2013 and in September 2014. This is typical of a monsoon 
climate that is found in the Loess Plateau. In the summer season, the climate is 
typically moist with higher temperature affected by warm-moist currents from the 
ocean, while in winter it becomes arid and cold affected by continental dry-cold 
currents. 
Fig. 3 
With respect to precipitation, the hydrogen and oxygen isotopic compositions of 
precipitation also show great variations with a range from -166.5 ‰ to 19.3 ‰ in δ2H 
and -22.13 ‰ to 1.51 ‰ in δ18O and a large standard deviation according to data from 
four key monitoring sites of Xiegou, Longchuan, Longshan and Yangwan (Table 2). 
Precipitation samples were incomplete at Xiegou, Yangwan and Longshan. Only the 
Longchuan, where most of the precipitation samples were collected, can be 
considered representative monitoring site. From the seasonal variation of monthly 
mean δ2H, δ18O and d values (Table 2, Fig. 4a and c and Fig. 5a), the δ2H and δ2O 
isotopes and d values exemplify seasonal variation. In winter season before May 2013 
(sampled from November 2012 to April 2013), the mean δ2H and δ18O values of 
precipitation show more negative values than that in the summer season (from May to 
August 2013). The d values show fluctuations with seasonal changes, where they 
show lower values in summer while higher values in winter (Table 2；Fig. 5a). In 
particular, a very prominent peak of δ2H and δ18O and valley of d value appear on the 
curves of Figure 4 (a, c) and 5a, which is well corresponding to heavy precipitation 
from May to August 2013. From October 2013 to April 2014, the δ2H and δ18O 
roughly shows declined and d shows increased trends. With respect to heavy 
precipitation in rainy season in 2013, there are less prominent peaks in δ2H and δ18O 
from May to August 2014 like in 2013 due to lower precipitation, but higher δ2H and 
δ18O and lower d values from May to August 2014 can be roughly identified. As a 
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whole, the seasonal fluctuation characteristics of H and O isotopic distribution of 
precipitation in the Loess Plateau are consistent with other recorded localities in the 
world (Clark and Fritz，1997；Gazis and Feng, 2004).  
Fig. 4 
Fig. 5 
3.2. STABLE ISOTOPIC COMPOSITION OF GROUNDWATER 
  With respect to precipitation, the monthly stable isotope data in groundwater over 
the two-year monitoring period show that the range of values is not as large as 
precipitation events. However, there is an observed difference between winter and 
summer values. Similar to precipitation, stable isotopes are found to be depleted in 
winter while enriched in summer, particularly in δ18O values (Table 3 and Fig. 4). The 
stable isotopes of the groundwater from the areas of Longchuan, Longshan, Yangwan 
and Macha show a larger range of variation than that observed at Xiegou and 
Wangping. The latter two sites only display larger difference between summer and 
winter seasons. The monthly composition of stable isotopes in groundwater within the 
monitoring period from November 2012 to November 2014 shows the largest 
standard deviation in the Longchuan monitoring borehole and smallest in Xiegou well 
(Table 3). In particular, the stable isotopic composition for groundwater in the 
Longchuan monitoring borehole for an average annual period that includes average 
winter period (October 2012 to April 2013) and a summer period (May 2013 to 
September 2013), are -72.0‰ and -63.6.0 ‰ in δ2H and -10.20 ‰ and -6.87 ‰ in 
δ18O values respectively (Table 3). In contrast, the average winter period and a 
summer period in 2014 are -67.4 and -67.7 ‰ in δ2H values and -7.60 ‰ and -9.30 ‰ 
in δ18O values respectively. Stable isotope values in groundwater do not vary much 
spatially between different areas compared to the precipitation in the area. For 
example, the average isotopic composition of groundwater during the two-year 
monitoring period at Xiegou is (-71.1 ‰ in δ2H and -9.45 ‰ in δ18O) in the eastern 
Liupan Mountains and in western Liupan Mountain monitoring sites, variations are 
not high, as seen in the data for Longchuan (-67.9 ‰ in δ2H and -8.52 ‰ in δ18O),  
Longshan (-75.9 ‰ in δ2H and -9.68 ‰ in δ18O) and Yangwan (-65.1‰ in δ2H and 
-8.83‰ in δ18O) (Table 3).  
4. DISCUSSION 
4.1. SEASONAL FLUCTUATIONS OF GROUNDWATER TABLE 
Local residents extract groundwater from most monitoring wells every day for 
their domestic needs. This is problematic for interpreting groundwater level 
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fluctuations in these wells. According to borehole observations in Longchuan and 
Yangwan and discussions with residents, it can be concluded that the water yield of 
many springs or wells in high mountain-hills of the Loess Plateau decreases, and 
subsequent lowering of the water table occurs after a long arid period of at least 
several months from the end of winter to early summer. Some wells dry up 
completely in very arid seasons. In the rainy season and early winter, particularly after 
heavy rains from July to September, groundwater levels recover in these wells. For 
example, the water table and amount of water yield observed increased greatly in 
November 2013 in Longchuan borehole and Yangwan well after summer heavy 
rainfall. Correspondingly, the seasonal trends of δ2H and δ18O values show unusual 
fluctuation with higher values during May to September 2013, and lasting until April 
2014 (Fig 5b and d). Generally, wells with larger seasonal variation of stable isotopes 
in groundwater will show larger groundwater level fluctuations. In contrast, the 
groundwater levels are relatively stable in wells at Xiegou and Wangping. In these 
locations, even during a very arid or wet year, well yields and water table relatively 
remain constant and stable isotopic compositions show a smaller seasonal variation. 
4.2. GROUNDWATER RESPONSE TO PRECIPITATION BASED ON 
STABLE ISOTOPE ANALYSIS 
Monthly groundwater and precipitation samples for a representative site at the 
Longchuan were plotted as a δ2H and δ18O relationship (Fig. 6). Here Longchuan was 
selected to be a representative monitoring site for almost all the larger precipitation 
samples that were collected. With respect to the Global Meteoric Water Line 
(GMWL), the regression line for precipitation from Longchuan is slightly lower than 
that of GMWL (8.0). Its regression equation is δ2H=7.40×δ18O-0.12 (Fig .6). Lower 
regional atmospheric moisture content and higher evaporation inland of the Loess 
Plateau is an explanation for the lower slope of the local meteoric water lines 
(LMWL).  
Fig. 6 
It is observed that from the δ2H and δ18O plots for these groundwater samples, 
which most are located on or very close to the LMWL, but some samples slightly 
deviate from the LMWL (Fig. 6). These samples are not limited to the summer season 
and some of them are collected from winter, which indicate that different amount or 
modes of precipitation and infiltration should cause different intensities of 
evaporation during precipitation and infiltration. According to Huang et al., (2007), 
the depth of the evaporation limit for groundwater is about 4.5-6.3 m for bare or 
winter wheat lands in the Loess Plateau. The water table across the study area 
generally exceeds 10 m in depth from the surface (Table 1). In addition, the samples 
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were mainly collected from fresh water seeps from aquifers. Thus, the evaporation 
effect causing isotopic fractionation from the groundwater table should be negligible. 
It can therefore be concluded that the seasonal fluctuations of stable isotopes in 
groundwater is dominated by ongoing replenishment of recharge water with different 
isotopic compositions. Most wells display enriched stable isotopes occasionally in 
winter due to the lag effect of summer recharge events. For example, there are no 
obvious precipitation events with enriched isotopes occurring in winter from 
November 2013 to April 2014 except for one small snow event that occurred in 
Longshan in January 2014. As a whole, the δ2H and δ18O values of most groundwater 
samples are limited to the mid-range of local precipitation. 
Generally, rainfall always shows obviously seasonal variations in the stable 
oxygen and hydrogen isotopic composition observed by many previous studies 
(Jouzel et al., 1997; Lee et al., 2003; Kabeya et al., 2007). Liu et al. (2011) concluded 
that the spatio-temporal variations of precipitation isotopic compositions in the Loess 
Plateau are dominated by the difference in water vapor origin, monsoon intensity and 
hydrological processes. As indicated from the diagrams of monthly variation of δ2H 
and δ18O (Fig. 4a and c), the isotopes of precipitation in high mountain-hills of the 
Loess Plateau also show regular seasonal variations. As a whole, the δ18O show 
relatively lower values in winter and higher values from summer. The deuterium 
excess is used widely to trace the origin of moisture of precipitation and water cycles 
(Merlivat and Jouzel, 1979). The d-values of precipitation in high mountain-hills of 
the Loess Plateau also show regular spatial-temporal variations (Fig. 5a). The 
d-values of precipitation from Longchuan, Longshan and Yangwan show higher 
values in winter and lower values in summer. Despite a lack of precipitation samples 
from August to September at Xiegou, the d-values of precipitation are higher before 
May and lower after June. This seasonal fluctuation of d-values for precipitation 
suggests that water vapor from precipitation in winter in high mountain-hills of the 
Loess Plateau mainly originates from inland moisture source or occupies a larger 
proportion than that in summer (Huang et al., 2015). The higher δ2H and δ18O and 
lower d-values of precipitation in summer from May to September are dominated by 
stronger evaporation during rainfall as well as by stronger monsoonal character with 
oceanic vapor origin. Xiegou is located in the eastern Liupan Mountains where the 
geomorphology is characterized by wide tableland and flat plateaus to the east. Water 
vapor from the Pacific Ocean travels to this region. Thus, the d-values of rainfall in 
summer at Xiegou seem to be higher than that in the western areas of Liupan 
Mountains and appear to be sourced from this oceanic water vapor and have less 
evaporation. Conversely, Longchuan in the western Liupan Mountains is located in 
Huajia Mountains and is closer to inland arid desert areas to the west, where the 
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moisture content of atmosphere is relatively lower for an inland moisture source and 
precipitation always undegoes stronger evaporation. Hence, the rainfall will show 
enriched δ2H and δ18O and depleted d-values in summer, strongly characterized by a 
higher evaporation component and a less oceanic water vapor source. In particular, 
these characteristics are more enriched in the summer season of 2013 that had higher 
rainfall than that in 2014, which had lower rainfall (Fig. 4-5). During the heavy rainy 
season in 2013, very prominent peaks are observed in the δ18O values (Fig. 4a).  
The seasonal variation trend of δ18O and d-values of groundwater, as a whole, 
roughly shows similar variations with local precipitation (Fig. 4-5). The δ18O values 
are lower and d-values are higher in winter from November 2012 to April 2013. There 
is a sudden increase in δ2H and δ18O values and decrease in d values from June to 
September, and again after September 2013. With respect to 2013, the isotopic values 
of groundwater samples in 2014 show a relatively smaller variation and vary 
randomly without typical seasonal character. This can be explained by time-lag 
effects from unusually heavy precipitation in summer 2013 as well as relatively lower 
precipitation in summer (May to August) 2014. In particular, the summer recharge 
water with very higher δ2H and δ18O values in 2013 possibly restrains the decreasing 
value trend of groundwater in the winter season in 2014 (October 2013 to April 2014). 
The variation observed in the monthly isotopic values for local precipitation and 
groundwater is diluted from the heavy rainfall in 2013. As such, the isotopic variation 
becomes negligible at the beginning of the rainy season in 2014. It is reasonable to 
conclude that the regular seasonal variation in isotopic signature observed in 
groundwater could be caused by seasonal recharging waters. When comparing isotope 
signatures of monthly precipitation with monthly groundwater, as a whole, the 
seasonal fluctuation characteristics of δ18O distribution of groundwater are roughly 
consistent with local precipitation values. The seasonal variation of δ2H values of 
groundwater is although relatively small but a similar response with δ18O can still be 
identified.  
4.3. RECHARGE SOURCE OF GROUNDWATER 
Despite the controversy surrounding the origin of groundwater in deep loess 
aquifers in the flat loess plateau or wide tableland, local precipitation seems to be 
solely responsible for the groundwater recharge source for the loess aquifer in high 
mountain-hills when rivers or valleys surrounding them are at elevations lower by 
several hundred meters. From a hydraulic perspective, it is unlikely that deep 
circulating confined groundwater could move upward to recharge a shallow phreatic 
aquifer in the higher mountain-hills. An important reason is that most gullies around 
the mountain-hills are usually dry. Runoff only occurs after heavy rain or storm 
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events and flows into the gullies. This surface runoff occurs when the infiltration rate 
of the loess soils is exceeded. As such, it is highly unlikely that deep confined 
groundwater flows upward through thick red clay (generally 30 to 60 meters in 
thickness) or palaeo-soils with very low permeability to recharge the shallow loess 
aquifer in the top or higher location of hills, rather than discharging directly to lower 
valleys and gullies (Fig. 2).  
The variability in stable isotopic composition of groundwater combined with 
seasonal water table fluctuations is sufficient evidence to indicate that the 
groundwater in the loess aquifer of high mountain-hills does not originate from the 
upwelling of ancient regional groundwater. Generally, the deuterium and oxygen-18 
isotopic composition of well mixed deeper groundwater systems would be constant 
and represent a long term mean climate value. There would not be annual seasonal 
variations observed in these isotopic compositions if the water was sourced from old 
regionally distant recharged groundwater. In addition, according to a number of 
researchers, ancient groundwater will show much more depleted isotopic signature 
than local modern precipitation (Currell et al. 2010; Gates et al. 2008; Chen et al. 
2003; Liu et al., 2010).  
The data from this study indicates that groundwater in the mountain-hills show 
marked seasonal variation in oxygen isotopes, particularly the seasonal trend observed 
in deuterium excess associated with larger precipitation events (Fig. 5). The variations 
in isotopes in monthly groundwater are definitely limited within the range of local 
precipitation rather than depleted signatures (Fig. 6). Hence, a conclusion can be 
made that the groundwater in shallow loess aquifer in high mountain-hills in the 
western Loess Plateau originates in local precipitation recharge and the seasonal new 
water replenishes groundwater much more rapidly than expected before. 
With respect to seasonal fluctuation of δ18O values in groundwater, δ2H values 
show a smaller variation. This can be described by a mixing model with two end 
members. In the plot describing the relationship of δ18O and δ2H (Fig. 6), groundwater 
isotopic compositions mostly fall along a line between two end mixing members with: 
① old water existing in aquifers from January to February 2013 with average values 
of δ18O = -11.21‰ and δ2H = -74.1‰ (OW13) and ② new recharged precipitation 
in 2013 with weighted average values of δ18O = -6.19‰  and δ2H = -60.2‰ 
(AMW13). Both the annual average groundwater in 2013 (AGW13), 2014 (AGW14) 
or two-year’s average groundwater (AGW) are just located on the mixing line. Thus, 
it can be inferred that the average groundwater mainly sources from a mixture of old 
existing water and new recharge water in the wet year 2013. This relationship and the 
timing of isotopic change in the groundwater also suggest that the groundwater is 
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more influenced by the heavy precipitation of 2013 than that of 2014. Due to smaller 
differences of δ2H values than δ18O values between the two mixing end members, 
there displays larger seasonal fluctuation of oxygen-18 isotopic signatures than that of 
hydrogen isotope in the monthly groundwater. 
According to the following equation for isotopic mass balance, the average 
mixing proportion of two end members during the wet year 2013 can be estimated:  
f(1, 2)×XAMW13+（1-f）×XOW13=XAGW13 
Where f (1, 2) denotes the proportion of new water recharge in 2013 calculated by 
δ18O (f1) and δ
2H (f2), respectively. XOW13 denotes the average δ
18O and δ2H values of 
groundwater from January to February in 2013 (end member ① in Fig. 6); XAMW13 
denotes the weighted average δ18O and δ2H values of precipitations in the wet year 
2013 (end member ② in Fig. 6); XAGW13 denotes the annual average groundwater in 
2013. Due to the inadequate number of samples for monthly groundwater collection 
or intense precipitation events in other sites, only Longchuan is selected to calculate 
the recharge proportion. The previous analysis concluded that the groundwater in 
2014 may be affected by the lag-time effect from unusual heavy summer rainfall in 
2013 and is not reasonable to be calculated. 
The calculation results show that the new recharge proportion of water accounts 
for about f1=60.4 and f2=44.6 percent by δ
18O and δ2H isotopic values during 2013 in 
Longchuan. A larger difference of proportion calculated by H and O isotopic values 
should be probably attributed to evaporation during precipitation and infiltration 
because evaporation always plays a greater effect on oxygen than the hydrogen 
isotopes. That is why the most groundwater samples are located to the upper-right 
area of the meteoric water line. Of course, due to unusual heavy rains in 2013 in 
recent 30 years, the calculated annual recharge proportion for groundwater may be 
larger than that in a typical year. However, given that there is around 40 percent 
annual precipitation recharge of the shallow groundwater in the loess aquifers in high 
mountain-hills in 2013, this is an indication that annual rapid recharge is expected to 
occur.  
4.4.MECHANISM GOVERNING SHALLOW GROUNDWATER RECHARGE 
Most studies show that it is difficult for precipitation to infiltrate through thick 
loess layers to recharge groundwater where it depends on piston flow under low 
precipitation and much higher potential evaporation in the surface (Murphy et al., 
1996; Chen et al., 2008; Gates et al., 2011; Yasuda et al., 2013). Even if it did occur, 
the recharge time would be very long and the seasonal isotopic effects will be 
eliminated or greatly attenuated (Huang et al., 2013). For a relatively shallow loess 
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aquifer at approximately 20m in depth from the surface in high-maintain hills, piston 
flow may be one of the potential recharge modes. However, nearly or more than 40 
percent annual replenishment and seasonal variations of stable isotopic signatures 
occur in groundwater. It is unlikely that the recharge can be developed by the piston 
flow to infiltrate and percolate through unsaturated loess zone to recharge. To explain 
the seasonal variations of deuterium and oxygen-18 isotopes recorded in groundwater, 
a rapid recharge mechanism needs to be identified that will account for the 
fluctuations of water table and relatively abundant groundwater in high mountain-hills. 
This suggests that in addition to the traditional slower piston flow recharge 
mechanism, those seasonal rapid preferential pathways exist allowing rapid recharge 
to occur. 
Field observations indicate that all kinds of microtopography features exist such 
as vertical fissures, macro-pore, sinkholes, solution passages or sinks. These can be 
potential conduits for preferential infiltration flow paths for rapid groundwater 
recharge in the Loess Plateau. But according to field observations in the Longchuan, 
Longshan, Macha and Yangwan sites, the most significant and common preferential 
flow path for recharge in the loess is by infiltration through larger sinkholes, landslide 
surfaces and the interface between the loess and palaeo-soils or red clay exposed on 
the top of mountain-hills percolating along the slope above red clay strata (Fig. 2). 
This is the reason why many springs and wells can be developed at different 
elevations in this landscape. Generally, the thick red clay, or some interbedding of 
palaeo-soils develop below or between the loess layers. These can sometimes be 
exposed at the surface by erosion and denudation. In the high mountain-hills in the 
western Loess Plateau, the lower part of these strata has variable gradients such as at 
the Longchuan and Yangwan site. Due to high viscosity and plasticity of the red clay 
or palaeo-soil layer with fine grains under the loess layer or interbedded in the loess 
layers, landslides are less prevalent and fissures are rarely developed in the red clay 
strata. As such this layer can act as an aquiclude in the loess groundwater system. 
However, the loess layers are looser and have a coarser grain than the red clay or 
palaeo-soils. A landslide always occurs between the loess layer and red clay or 
palaeo-soils, causing large fissures to develop in the slip interface surface. Thus, the 
heavier precipitation on the hill tops will rapidly infiltrate through this interface 
landslide surface or some larger sinkholes and then percolate laterally along slopes in 
the relatively loose layer of loess. A groundwater mound can form when the gradient 
of the aquiclude layer is small. 
Due to rapid vertical infiltration of precipitation through the interface or slip 
surface between loess and the clay layer, precipitation from large events, such as the 
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heavy rainfall events that occurred from May to September 2013, will be sustained in 
the loess, and potential evaporation is reduced even under arid or semi-arid conditions. 
However, since the monthly groundwater stable isotope data have relatively smaller 
variations than that of the precipitation events, and a lag-time exists for the 
groundwater table to respond to some typical large precipitation events, the recharge 
mechanism is unlikely to be from vertical preferential flow to directly reach the 
groundwater table through conduits. At first, the precipitation can infiltrate rapidly 
from the surface through preferential conduits, and then it would become increasingly 
slower with a low gradient for the aquiclude strata that laterally percolates to recharge 
groundwater. Thus event precipitation cannot vertically reach the groundwater table 
directly at once within a short time. The stable isotopes of every precipitation event 
will be gradually attenuated during diffusional redistribution and mixing with old or 
antecedent water existing in aquifers. So, it cannot be simultaneously identified in 
both the isotopic records of each precipitation event and from groundwater responses 
within a short period even after one time of heavy precipitation. 
From the field observation, the groundwater level is shallower (about 10-12 m in 
depth from the land surface) in Longchuan section (Fig. 2). There are many small 
perennial springs discharging groundwater in lower valleys causing the exchange 
proportion of new recharge water and old existing water to increase significantly. 
Corresponding to this, the stable isotopes of groundwater display larger seasonal 
variations than that in adjacent area of Longshan. Despite not being able to calculate 
the relative proportions at the Yangwan site due to inadequate isotopic data, it may be 
comparable with Longchuan based on similarly seasonal isotopic variation of 
groundwater and field observations. The Xiegou well in the eastern Liupan Mountains 
is located in a relatively gentle slope associated with upper hills where the gullies or 
valleys around shallow groundwater sites are not developed. Unlike the Longchuan 
site, preferential groundwater recharge through the macro-pores and interface or slip 
surface are not very prevalent. The recharge mechanism may be more inclined to 
vertical infiltration and percolation like piston flow, which will greatly attenuate the 
seasonal variation of the stable isotopes in the groundwater for lower recharge rates 
and over a longer period of time. Although this needs to be demonstrated in the future 
by special systematic monitoring for precipitation-soil water-groundwater, the smaller 
seasonal variation of isotopes in groundwater at the Xiegou site suggests that 
preferential recharge like the Longchuan site may occur slightly.  
5. CONCLUSIONS 
(1) The different seasonal signatures of stable isotopes in most groundwater 
between winter and the summer period can be identified in high mountain-hills in the 
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western Loess Plateau. The groundwater shows more enriched deuterium and 
oxygen-18 isotopes and lower deuterium-excess values in the summer than that in the 
winter. This variation trend is roughly consistent with that of local precipitation stable 
isotopic characteristics. The scenario was strengthened with much more obvious 
fluctuation in the wet year 2013 than that of a typical year.  
(2) Unlike in wide and flat loess tablelands in central and eastern Loess Plateau, 
local precipitation appears to be the only recharge source for groundwater in shallow 
loess aquifers. The recharge mechanism for loess groundwater in high mountain-hills 
is, in addition to common piston vertical infiltration, likely to include rapid 
preferential infiltration through larger sinkholes, fissures of slip surface, and also the 
interface of the loess layer and red clay or palaeo-soils, as a likely explanation. This 
plays an important role for groundwater recharge and resource replenishment. 
Seasonal recharge from local precipitation and mixing with old water existing 
aquifers sustain groundwater resources. 
(3) Groundwater sources and flows within the shallow loess aquifers in high 
mountain-hills are controlled by heterogeneities and anisotropic conditions from the 
unique tectonics and topography, giving rise to preferential recharge conduits. Thus, 
any groundwater investigations in the future need to consider where these 
precipitation conduits for rapid infiltration exist rather than expecting all the 
precipitation to evaporate completely. 
(4) Most groundwater is replenished after the heavy rainy season even after losses 
from extremely dry periods without recharge. However, land-use changes in recent 
decades may greatly impact local shallow groundwater.  
ACKNOWLEDGEMENTS 
We appreciate Zhiguo Su for stable isotopic determination and many local residents 
for helps with field works. Dr Yanfei Zhang helped to draw some maps. This study 
was financially supported by National Natural Science Foundation of China 




Allison GB. 1988. A review of some of the physical, chemical and isotopic techniques 
available for estimating groundwater recharge. In Estimation of Natural Groundwater 
Recharge, Simmers I (eds). Reidel: Dordrecht: 49-92. 
Bradd JM, Turner JV, Waite TD. 1993. The conjunctive use of isotopic techniques in 
16 
 
the investigation of dryland salinisation in New South Wales - An assessment of the 
effectiveness of the techniques and conclusions reached from three small scale 
catchments. Australian Nuclear Science and Technology Organization Report. 
Bradd JM, Henderson-Sellers A, Airey P. 2004. Assessing groundwater sustainability 
and climatic change impacts in the Murray Darling Basin – the role of stable isotopes. 
Proc. From 9th Murray Darling Basin Groundwater Workshop, Feb 2004, Bendigo. 
Chen HS, Shao MG，Li YY. 2008. The chanracteristics of soil water cycle and water 
balance on steep grassland under natural and simulated rainfall conditions in the loess 
Plateau of China. Journal of Hydrology 360: 242-251. 
Chen JS, Li L., Wang JY, Barry DA., Sheng XF, Gu WZ, Zhao X, Chen L. 2004. 
Groundwater maintains dune landscape. Nature 432: 459-460. 
Chen JS, Liu XY, Wang C, Rao WB, Tan HB, Dong HZ, Sun XX, Wang YS, Su ZG. 
2012. Isotopic constraints on the origin of groundwater in the Ordos Basin of northern 
China. Environmental Earth Sciences 66: 505-517. 
Chen ZY, Qi JX, Xu JM, Ye H, Nan YJ. 2003. Paleoclimatic interpretation of the past 
30ka from isotopic studies of the deep confined aquifer of the North China plain. 
Applied Geochemistry 18: 997-1009. 
Currell MJ, Cartwright I, Bradley DC, Han D. 2010. Recharge history and controls on 
groundwater quality in the Yuncheng Basin, north China. Journal of Hydrology 385: 
216-229. 
Clark I.D., Fritz P. 1997. Environmental Isotopes in Hydrogeology. Lewis Publishers, 
Boca Raton, Florida: 328-329. 
Gat J R. 2010. Isotope Hydrology-A Study of the Water Cycle. Imperial College Press, 
Israel. 
Gates JB, Edmunds WM, Darling WG, Ma J, Pang Z, Young AA. 2008. Conceptual 
model of recharge to southeastern Badain Jaran Desert groundwater and lakes from 
environmental tracers. Applied Geochemistry 23: 3519-3534. 
Gates J.B., Scanlon B.R., Mu X., Zhang L. 2011. Impacts of soil conservation on 
groundwater recharge in the semi-arid Loess Plateau, China. Hydrogeology Journal 
19: 865-875.  
Gazis Carey，Feng XH. 2004. A stable isotope study of soil water: evidence for 
mixing and preferential flow paths. Geoderma 119: 97-111. 
Gehrels JC, Peeters JEM, De Vries JJ, Dekkers M. 1998. The mechanism of soil 
water movement as inferred from 18O stable isotope studies. Hydrological Sciences 
Journal 43: 579-594. 
Hang JZ, Tan HB, Wang RA, Wen XW. 2015. Hydrogen and oxygen isotopic 
analysis of perennial meteoric water in northwestern China. Journal of China 
Hydrology 35 (1): 33-40. 
17 
 
Huang TM, Pang ZH, Yuan LJ. 2013. Nitrate in groundwater and the unsaturated 
zone in (semi)arid northern China: baseline and factors controlling its transport and 
fate. Environtal Earth Sciences 70: 145-156. 
Huang MQ, Cai HJ, Huang ZH. 2007. Research on the evaporation of underground 
water in different burying depth conditions on the Loess area. Journal of Northwest A 
& F University (Natural Science Edition) 3: 233-237. 
Jouzel J, Froehlich K, Schotterer U. 1997. Deuterium and oxygen-18 in present-day 
precipitation: data and modelling . Hydrological Sciences Journal 42: 747-764. 
Kabeya N, Katsuyama M, Kawasaki M, Ohte N, Sugimoto N. 2007. Estimation of 
mean residence times of subsurface waters using seasonal variation in deuterium 
excess in a small headwater catchment in Japan. Hydrological Processes 21: 308-322. 
Kendall C., McDonnell JJ. 1998. Isotope tracers in catchment hydrology. Elsevier 
Science BV, Amsterdam. 
Komor SC, Emerson DG. 1994. Movements of water, solutes, and stable isotopes in 
the unsaturated zones of two sand plains in the upper Midwest. Water Resources 
Research 30: 253-267. 
Lee KS, Grundstein AJ, Wenner DB, Choi MS, Woo NC, Lee DH. 2003. Climatic 
controls on the stable isotopic composition of precipitation in Northeast Asia. Climate 
Research 23: 137-148. 
Liu WZ, Zhang XC, Dang TH, Zhu OY, Li Z, Wang J, Wang R, Gao CQ. 2010. Soil 
water dynamics and deep soil recharge in a record wet year in the southern Loess 
Plateau of China. Agricultural Water Management 97: 1133-1138. 
Liu X, Song XF, Zhang YH, Xia J, Zhang XC, Yu JJ, Long D, Li FD, Zhang B. 2011. 
Spatio-temporal variations of δ2H and δ18O in precipitation and shallow groundwater 
in the Hilly Loess Region of the Loess Plateau, China. Environtal Earth Sciences 
63:1105-1118.  
Lin RF, Wei KQ. 2006. Tritium profiles of pore water in the Chinese loess 
unsaturated zone: implications for estimation of groundwater recharge. Journal of 
Hydrology 328: 192-199. 
Merlivat L, Jouzel J. 1979. Global climatic interpretation of the deuterium-oxygen-18 
relationship for precipitation. Journal of Geophysical Research 84: 5029 - 5033. 
Murphy EM, Ginn TR, Phillips JL. 1996. Geochemical estimates of paleorecharge in 
the Pasco Basin: evaluation of the chloride mass balance technique. Water Resources 
Research 32: 2853- 2868. 
Qu HL. 1991. Assessment of Groundwater Resources in the Arid and Semiarid Land 
of China. Science Press: Beijing (in Chinese). 
Ritsema CJ, Dekker LW. 1998. Three-dimensional patterns of moisture, water 




Ritsema CJ, Dekker LW, Van den Elsen EGM, Oostindie K, Steenhius TS, Nieber JL. 
1997. Recurring fingered flow pathways in a water repellent sandy field soil. 
Hydrology and Earth System Sciences 1: 777-786. 
Roy EW, David WA. 1969. Factors affecting infiltration and recharge in a loess 
covered basin. Journal of Hydrology 8: 265-281. 
Turner JV, Bradd JM, Waite TD. 1991. The conjunctive use of isotopic techniques to 
elucidate solute concentration and flow processes in dryland salinized catchments. In: 
Proc. Int. Sym. Use of Isotope Techniques, March 1991, Vienna, Austria. 
Van Ommen HC, Van Genuchten MT, Van der Molen WH, Dijksma R, Hulshof J. 
1989. Experimental and theoretical analysis of solute transport from a diffuse source 
of pollution. Journal of Hydrology 105: 225-251. 
Vincent M, Didon-Lescot JF, Couren M. 2001. Investigation of the hydrological 
processes using chemical and isotopic tracers in a small Mediterranean forested 
catchment during autumn recharge. Journal of Hydrology 247: 215-229.  
Willem GM. 2006. Introduction to Isotope Hydrology (Stable and radioactive 
Isotopes of Hydrogen, Oxygen and Carbon). Taylor & Francis/Balkema: Netherlands. 
Xu XX, Zhang BY, Tian JL. 2010. Experimental study on the 
precipitation-soilwater-groundwater transformation in loess hilly region. Advances in 
water science 21: 16-22.  
Yan TB, Wang DQ. 1983. The recharge mechanism of unconfined groundwater in the 
loess of the Luochuan Yuan and its waterbaring characteristics. Geology Review 29: 
418-427 (in Chinese with English abstract). 
Yan TB. 1986. Discussion on recharge time of shallow groundwater in the Loess 
Plain of China. Hydrogeology & Engineering Geology 25: 42-44 (in Chinese with 
English abstract). 
Yasuda H, Berndtsson R, Hinokidani O, Huang J, Saito T, Zheng J, Kimura R. 2013. 
The impact of plant water uptake and recharge on groundwater level at a site in the 
Loess Plateau of China. Hydrogeology Research 44: 106-116. 
Zhang ZG, Liu FZ, Zhang HP, Liu EK. 1990. Study of soil water movement and 
recharge rate of rainfall infiltration in aeration zone of loess by measuring natural 
tritium. Hydrogeology & Engineering Geology 29: 5-7 (in Chinese with English 
abstract).  
Zimmermann U, Munnich KO, Roether W. 1967. Downward movement of soil 
moisture traced by means of hydrogen isotopes. Isotope Techniques in the Hydrologic 




Appends: Caption of Figures and Tables: 













Fig 2 Conceptual map indicating the local precipitation recharge groundwater. Here, 
preferential recharge mode was identified by isotope data and field observation in this 
study. However, piston flow recharge mode was only presumed but need to be further 















Fig 3 Variation of monthly total 
precipitation and mean temperature in 
two representative weather stations of 
(a) Pinging from 1/10/2012 to 
31/10/2014, (b) Jingning from 
1/10/2012 to 31/12/2013 and annual 
total precipitation and mean 
temperature in weather station of (c) 
Pingliang from 1980 to 2014 (The blue 
dash line refers to annual mean total 
precipitation in past 30 years from 




















Fig 4 Monthly variations of δ18O and 
δ2H isotopes of (a and c) precipitation 
and (b and d) groundwater at sites of 
Xiegou, Longchuan, Longshan, 
Wangping (no precipitation samples), 
Macha (no precipitation samples) and 
Yangwan. The shadow filled area 
refers to strong precipitation in rainy 
season in 2013 and its possible effects 
on groundwater from May 2013 to 
April 2014 (Monthly data of 
precipitation calculated from average 




















Fig 5 Monthly Variation of calculated deuterium excess of (a) precipitation and (b) 
groundwater at sites of Xiegou, Longchuan, Longshan, Wangping (no precipitation 
samples), Macha (no precipitation samples) and Yangwan. The shadow filled area 
refers to strong precipitation in rainy season in 2013 and its possible effects on 



































Fig 6 Diagrams of δ2H andδ18O for groundwater and precipitation samples for 
representative site at Longchuan. From the bottom-right plot, groundwater isotopic 
compositions mostly fall along a line between two end members: ① old water 
existing in aquifers from January to February 2013 with average values of δ18O = 
-11.21‰ and δ2H = -74.1‰ (OW13) and ② new recharged precipitation in 2013 
with weighted average values of δ18O = -6.19‰ and δ2H = -60.2‰ (AMW13) 
(MW-Meteoric water; GW-Groundwater; AMW and AGW-Weighted average 
meteoric water and average groundwater during monitoring period from November 
2012 to November 2014; AMW13 and AGW13-Weighted average meteoric water 
and average groundwater in 2013; AMW14 and AGW14-Weighted average meteoric 
water and average groundwater in 2014; OW13-Average groundwater in early 2013 










Table 1. Records of the basic characteristics of hydrology, geography and climate at main 6 monitoring sites in high mountain-hills in the Loess 
Plateau (Precipitation and atmosphere temperature refer to several years' annual average values from records of nearby weather station). 























The geomorphology is characterized by thick loess 
deposits with steeply incised valleys and rolling hills. 
All kinds of microtopography features exist such as 
vertical fissures, macro-pore, sinkholes, solution 
passages or sinks. At the top and halfway up the 
hills, the sinkholes that are generally over 1m in 
diameter and more than 5m in depth from surface 
can be widely observed. Small scale landslides in the 
higher place can also be universally found. Some 
springs distribute along depressions in the head of 
valleys. A drill about 10.5m can reach to loess 
aquifer and water table can rise to 1.5m. Generally 
groundwater table changes from 8m to 15m in depth 
from surface. Thick palaeo-soil under the loess 
aquifer may be acted as aquiclude to prevent 















The geomorphology is similar to Longchuan. Some 
wells and springs distribute along a gentle slope. 
Springs gush from head of valley. Wells are 
generally 15-20m in depth from surface and water 













The geomorphology is similar to Longchuan. Wells 
and springs distribute from mountaintop to the head 
of valley. Wells are generally about 15 m in depth 
from surface in mountaintop, and their water tables 
Table 1. Records of the basic characteristics of hydrology, geography and climate at main 6 monitoring sites in high mountain-hills in the Loess 
Plateau (Precipitation and atmosphere temperature refer to several years' annual average values from records of nearby weather station). 









Sample types Site description 














The geomorphology shows relatively gently rolling 
topography. Aquifer of a well is 18 m in depth from 
surface with very rich groundwater, and water table 
fluctuates slightly all year round. Under the aquifer 
of loess is a thick red clay stratum. The elevation of 












Similar to Xiegou, many wells and springs distribute 
along a very gentle slope from loess mountaintop to 
head of valley. The shallow aquifer is about 15m in 
depth from surface and a set of light brown-red 










The geomorphology is similar to Longchuan, but the 
climate is very arid and water resources are very 
scarce. A well of 17 m in depth from surface was dug 
to the red clay in an intermingle zone of small 
valleys and ditches of a high loess hill. All valleys 
and ditches are always dry and run-off only 
occasionally occurs after heavy rains. The 




Table 2. The isotopic compositions (δ2H, δ18O and deuterium excess) of main event precipitations at Xiegou, Longchuan, Longshan and 
Yangwan monitoring sites in high mountain–hills in the Loess Plateau during 2-year monitoring period from November 2012 to November 2014 
Date δ2H δ18O d P Date δ2H δ18O d P Date δ2H δ18O d P Date δ2H δ18O d P 











































−13.3 −3.25 12.7 5 
16 June 
2013 
19.3 1.51 7.3 5 
26 May 
2013 





−70.7 −9.49 5.3 5 
8 May 
2013 
−64.3 −8.06 0.2 5 
8 July 
2013 





−31.4 −4.16 1.9 
73.
9 
1/5/13 −28.7 −5.50 15.3 5 
15 May 
2013 






































−59.5 −8.25 6.5 7.5 
14 May 
2013 
































−59.4 −9.55 17.0 6.8 


















−57.0 −8.27 9.2 5 





















Table 2. The isotopic compositions (δ2H, δ18O and deuterium excess) of main event precipitations at Xiegou, Longchuan, Longshan and 
Yangwan monitoring sites in high mountain–hills in the Loess Plateau during 2-year monitoring period from November 2012 to November 2014 
Date δ2H δ18O d P Date δ2H δ18O d P Date δ2H δ18O d P Date δ2H δ18O d P 








































−23.6 −5.85 23.2 20 



















−54.5 −9.00 17.5 25 




















−20.9 −4.97 18.9 11 




−21.5 −4.09 11.2 5 
6 January 
2014 















−31.3 −4.67 6.1 5 
28 June 
2014 
−57.4 −8.40 9.9 14 

















          
30 March 
2014 























−66.1 −9.43 9.4 205 
          25 April −11.2 −2.90 12.0 22           12 −40.6 −7.94 22.9 8.5 
Table 2. The isotopic compositions (δ2H, δ18O and deuterium excess) of main event precipitations at Xiegou, Longchuan, Longshan and 
Yangwan monitoring sites in high mountain–hills in the Loess Plateau during 2-year monitoring period from November 2012 to November 2014 
Date δ2H δ18O d P Date δ2H δ18O d P Date δ2H δ18O d P Date δ2H δ18O d P 
2014 October 
2014 
          
9 May 
2014 








          
13 June 
2014 
0.5 −1.65 13.7 30                     
          
19 June 
2014 
−68.1 −9.84 10.6 12                     
          
28 June 
2014 
−28.4 −4.25 5.5 14                     
          
21 July 
2014 
−33.0 −5.39 10.1 27                     






15.4 99                     








10.7 205                     
          
1 October 
2014 
−15.2 −3.88 15.9 8.5                     







14.5 5                     
SD 43.6 5.7 8.2     39.4 5.1 11.3     26.8 3.1 5.2     36.5 5.0 13.1   
AMW         AMW −73.8 −9.84 4.9   AMW −56.1 −6.72 
−2.
4 
  AMW −54.3 −6.89 0.9   
Table 2. The isotopic compositions (δ2H, δ18O and deuterium excess) of main event precipitations at Xiegou, Longchuan, Longshan and 
Yangwan monitoring sites in high mountain–hills in the Loess Plateau during 2-year monitoring period from November 2012 to November 2014 
Date δ2H δ18O d P Date δ2H δ18O d P Date δ2H δ18O d P Date δ2H δ18O d P 
AMW1
3 
−57.0 −7.23 0.8   AMW13 −60.2 −6.19 
−10.
7 
  AMW13 −57.7 −6.86 
−2.
8 






        AMW14 −79.8 
−11.4
6 











10.1   AW-13         AW-13         
AW-14         AW-14 −50.8 −7.46 8.9   AW-14 −45.9 −5.79 0.4   AW-14 −70.6 
−10.6
6 
14.6   
AS-13 −51.9 −6.46 
−0.
2 
  AS-13 −52.7 −5.00 
−12.
7 
  AS-13 −54.9 −6.50 
−2.
9 




AS-14         AS-14 −90.2 
−12.7
7 
12.0   AS-14         AS-14 −51.3 −7.60 9.6   
 
P, amount of precipitation; SD, standard deviation; AMW, annual average value (from November 2012 to November 2014); AMW13, annual 
average value in 2013; AMW14, annual average value in 2014; AW-13, average value in winter half year (from November 2012 to April 2013); 
AW-14, average value in winter half year (from November 2013 to April 2014); AS-13, average value in summer half year (from May to 
September 2013); AS-14, average value in summer half year (from May to September 2014). Here, all average values are weighted means by 





Table 3. The isotopic compositions (δ2H, δ18O and deuterium excess) of monthly groundwater at main six monitoring sites (Xiegou, Longchuan, 
Longshan and Yangwan) in high mountain–hills in the Loess Plateau during 2-year monitoring period from November 2012 to November 2014 
DateM/Y 
Xiegou Longchuan Longshan Yangwan Wangping Macha 
δ2H/‰ 18O/‰ d/‰ δ2H/‰ 18O/‰ d/‰ δ2H/‰ 18O/‰ d/‰ δ2H/‰ 18O/‰ d/‰ δ2H/‰ 18O/‰ d/‰ δ2H/‰ 18O/‰ d/‰ 
11/2012 −70.9 −9.95 8.7 −71.4 −9.58 5.2 −77.2 −10.85 9.6 −64.3 −9.58 12.3 −84.8 −11.25 5.2 −72.3 −10.26 9.8 
12/2012 −70.5 −9.67 6.9 −71.1 −9.72 6.7       −68.2 −9.66 9.1 −82.3 −10.90 4.9 −73.4 −10.33 9.3 
01/2013 −70.8 −9.79 7.5 −71.6 −11.21 18.1 −76.0 −11.04 12.3       −85.1 −11.42 6.3 −74.4 −10.41 8.9 
02/2013 −71.2 −9.82 7.4 −76.6 −11.21 13.1 −76.6 −11.21 13.1       −84.7 −11.29 5.7 −71.5 −10.12 9.4 
03/2013 −71.6 −9.90 7.6 −71.2 −9.46 4.5 −75.7 −10.43 7.7       −84.4 −11.29 5.9 −74.0 −10.28 8.2 
04/2013 −71.9 −9.74 6.1 −70.4 −9.54 5.9 −76.6 −11.10 12.2       −84.4 −11.40 6.8 −74.0 −10.54 10.3 
05/2013 −71.0 −9.85 7.8 −68.5 −9.54 8.1 −75.9 −11.02 12.2 −57.6 −8.90 13.7 −84.0 −11.34 6.7 −71.4 −9.89 7.7 
06/2013       −69.5 −6.59 −16.8 −73.1 −9.10 −0.3 −63.3 −7.01 −7.2 −83.7 −9.49 −7.8 −71.6 −7.77 −9.5 
07/2013 −70.4 −8.04 −6.1 −69.8 −6.67 −16.4 −79.8 −9.01 −7.7 −60.5 −6.39 −9.4 −84.9 −9.54 −8.6 −68.7 −7.13 −11.6 
08/2013 −71.4 −8.53 −3.2 −68.1 −6.99 −12.2 −73.5 −9.38 1.5 −63.6 −6.84 −8.8 −84.3 −8.88 −13.3 −69.2 −6.93 −13.7 
09/2013       −42.3 −4.56 −5.8 −76.2 −9.71 1.4 −63.4 −8.53 4.8 −83.4 −9.34 −8.6 −72.9 −7.48 −13.1 
10/2013       −69.4 −7.35 −10.6 −74.7 −8.56 −6.2 −63.4 −7.58 −2.7 −83.1 −9.43 −7.7 −71.8 −7.16 −14.5 
11/2013 −71.7 −8.26 −5.6 −68.9 −7.42 −9.5 −75.3 −8.16 −10.0 −63.6 −8.02 0.6 −81.9 −8.11 −17.0 −67.8 −6.87 −12.8 
12/2013       −69.1 −7.57 −8.5 −76.5 −9.43 −1.1                   
01/2014       −70.3 −8.41 −3.0 −75.8 −8.82 −5.3 −61.7 −7.67 −0.4             
02/2014       −69.4 −7.57 −8.9 −75.9 −8.70 −6.3 −62.0 −8.41 5.3             
03/2014       −68.5 −7.49 −8.6 −76.0 −9.21 −2.3 −61.1 −8.07 3.5             
04/2014       −55.9 −7.41 3.3 −74.9 −8.86 −4.0 −65.9 −8.54 2.4             
05/2014       −70.3 −9.43 5.1       −60.1 −8.83 10.6             
06/2014       −62.8 −8.82 7.7       −64.6 −9.53 11.6             
07/2014 −72.0 −10.12 8.9 −69.7 −9.39 5.4       −62.7 −9.36 12.2             
08/2014       −66.6 −9.35 8.2       −75.2 −11.04 13.1             
Table 3. The isotopic compositions (δ2H, δ18O and deuterium excess) of monthly groundwater at main six monitoring sites (Xiegou, Longchuan, 
Longshan and Yangwan) in high mountain–hills in the Loess Plateau during 2-year monitoring period from November 2012 to November 2014 
DateM/Y 
Xiegou Longchuan Longshan Yangwan Wangping Macha 
δ2H/‰ 18O/‰ d/‰ δ2H/‰ 18O/‰ d/‰ δ2H/‰ 18O/‰ d/‰ δ2H/‰ 18O/‰ d/‰ δ2H/‰ 18O/‰ d/‰ δ2H/‰ 18O/‰ d/‰ 
09/2014       −69.3 −9.54 7.0       −76.1 −11.33 14.5             
10/2014       −69.9 −9.41 5.4       −72.3 −10.69 13.2             
11/2014 −69.7 −9.70 8.0 −67.3 −8.86 3.6       −72.2 −10.67 13.2             
SD 0.7 0.69 5.5 6.3 1.50 9.3 1.4 1.00 7.8 5.0 1.37 7.8 1.0 1.13 8.5 2.0 1.54 10.9 
AGW −71.1 −9.45 4.5 −67.9 −8.52 0.3 −75.9 −9.68 1.6 −65.1 −8.83 5.6 −83.9 −10.28 −1.7 −71.8 −8.86 −0.9 
AGW13 −71.3 −9.24 2.7 −67.9 −8.18 −2.5 −75.8 −9.84 2.9 −62.2 −7.61 −1.3 −84.0 −10.14 −2.9 −71.6 −8.60 −2.8 
AGW14 −70.8 −9.91 8.4 −67.3 −8.70 2.3       −66.7 −9.47 9.0             
AWGW13 −71.1 −9.81 7.4 −72.0 −10.12 8.9 −76.4 −10.93 11.0 −66.3 −9.62 10.7 −84.3 −11.26 5.8 −73.3 −10.32 9.3 
AWGW14       −67.4 −7.60 −6.5 −75.6 −8.82 −5.0 −63.0 −8.05 1.4             
ASGW13 −71.0 −8.81 −0.5 −63.6 −6.87 −8.6 −75.7 −9.64 1.4 −61.7 −7.53 −1.4 −84.1 −9.72 −6.3 −70.7 −7.84 −8.0 
ASGW14 −72.0 −10.12 8.9 −67.7 −9.30 6.7       −67.8 −10.02 12.4             
 
SD, standard deviation; AGW, annual average value (from November 2012 to November 2014); AGW13, annual average value in 2013; 
AGW14, annual average value in 2014; AWGW13, average value in winter half year (from November 2012 to April 2013); AWGW14, average 
value in winter half year (from November 2013 to April 2014); ASGW13, average value in summer half year (from May to September 2013); 
ASGW14, average value in summer half year (from May to September 2014) 
